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1. INTRODUCTION {#pld3260-sec-0001}
===============

Leaves capture atmospheric CO~2~ and ultimately convert it to starch for transient storage, and sucrose for long distance transport to developing sink tissues. In most plant species, carbon is transported throughout the plant as sucrose. After its synthesis in the mesophyll cells, sucrose moves toward the vascular bundle symplasmically via the plasmodesmata. In apoplastic phloem loading species, sucrose reaches the phloem parenchyma cells where it is unloaded into the cell wall space. Unloading from the parenchyma cells to the apoplast was hypothesized to be carried out by sucrose exporter proteins. Recently these proteins were identified as SWEET11 and SWEET12 in Arabidopsis (Chen et al., [2012](#pld3260-bib-0012){ref-type="ref"}). From the apoplast, sucrose is taken up into the phloem companion cells by sucrose transporter proteins such as AtSUC2 in Arabidopsis and ZmSUT1 in maize for allocation to sink tissues (Baker et al., [2016](#pld3260-bib-0004){ref-type="ref"}; Gottwald, Krysan, Young, Evert, & Sussman, [2000](#pld3260-bib-0021){ref-type="ref"}; Slewinski, Meeley, & Braun, [2009](#pld3260-bib-0055){ref-type="ref"}; Srivastava, Ganesan, Ismail, & Ayre, [2008](#pld3260-bib-0058){ref-type="ref"}; Stadler & Sauer, [1996](#pld3260-bib-0059){ref-type="ref"}). Export and delivery of sucrose to reproductive sink tissues is critical for sink formation, growth, and development (Kühn, [2003](#pld3260-bib-0028){ref-type="ref"}; Riesmeier, Willmitzer, & Frommer, [1994](#pld3260-bib-0043){ref-type="ref"}). Since most of the food for the world\'s population depends on sink tissues (seed, fruit, and tuber), it is critical to fully understand the process of sucrose allocation to these tissues.

Plant sucrose transporters belong to the major facilitator superfamily (MFS), also called the uniporter‐symporter‐antiporter family (Goswitz & Brooker, [1995](#pld3260-bib-0020){ref-type="ref"}; Marger & Saier, [1993](#pld3260-bib-0035){ref-type="ref"}; Pao, Paulsen, & Saier, [1998](#pld3260-bib-0037){ref-type="ref"}). MFS transporters, depending on the subfamily, can adopt either inward open, outward open, inward facing occluded, or outward facing occluded conformational states where the transition involves both rigid‐body rotations, as in the rocker switch model for sucrose transporters, and structural changes in individual transmembrane helices (Quistgaard, Löw, Guettou, & Nordlund, [2016](#pld3260-bib-0039){ref-type="ref"}).

The SUC/SUT subfamily of MFS have been extensively studied in many plant species having different subgroups/types (Doidy, Vidal, & Lemoine, [2019](#pld3260-bib-0014){ref-type="ref"}; Reinders, Sivitz, & Ward, [2012](#pld3260-bib-0042){ref-type="ref"}). Evolutionary analysis of sucrose transporters from fission yeast, charophyte algae, red algae, non‐vascular plants, early vascular land plants, and angiosperms show three transporter types (Reinders et al., [2012](#pld3260-bib-0042){ref-type="ref"}). Type I sucrose transporters are only found in eudicots, they are localized to the plasma membrane and are able to transport coumarin glycosides (for example esculin) in addition to sucrose. In contrast, Type II and III sucrose transporters only transport sucrose and noncoumarin glycosides (Gora, Reinders, & Ward, [2012](#pld3260-bib-0019){ref-type="ref"}; Reinders, Sivitz, Starker, Gantt, & Ward, [2008](#pld3260-bib-0041){ref-type="ref"}; Reinders et al., [2012](#pld3260-bib-0042){ref-type="ref"}; Sivitz et al., [2007](#pld3260-bib-0052){ref-type="ref"}). Type II sucrose transporters localize to the plasma membrane while Type III transporters are found in the vacuole membrane (tonoplast).

Sucrose transporters have been studied intensively in Arabidopsis. Specific expression patterns and localization to either the plasma membrane or tonoplast indicate specific, nonredundant functions for each transporter in the family (Endler et al., [2006](#pld3260-bib-0016){ref-type="ref"}; Kühn, [2003](#pld3260-bib-0028){ref-type="ref"}; Sivitz et al., [2007](#pld3260-bib-0052){ref-type="ref"}; Truernit & Sauer, [1995](#pld3260-bib-0062){ref-type="ref"}). For example, AtSUC1 is expressed in trichomes, pollen grains, and roots and is essential for normal pollen function (Sivitz et al., [2007](#pld3260-bib-0052){ref-type="ref"}; Sivitz, Reinders, & Ward, [2008](#pld3260-bib-0054){ref-type="ref"}). AtSUC2 is important for phloem loading of sucrose (Srivastava et al., [2008](#pld3260-bib-0058){ref-type="ref"}) while AtSUT4/SUC4 is localized to the tonoplast and transports sucrose from the vacuole into the cytoplasm (Endler et al., [2006](#pld3260-bib-0016){ref-type="ref"}; Schulz et al., [2011](#pld3260-bib-0048){ref-type="ref"}). In legumes, particularly in common bean (*Phaseolus vulgaris*), there are very few sucrose transporters functionally characterized to date. PvSUT1 along with a putative sucrose facilitator PvSUF1, which were isolated from the seed coat, were shown to allow growth of yeast on sucrose (Zhou, Qu, Dibley, Offler, & Patrick, [2007](#pld3260-bib-0070){ref-type="ref"}). Recently, Soltani, Weraduwage, Sharkey, and Lowry ([2019](#pld3260-bib-0057){ref-type="ref"}) reported RNA‐seq analysis showing that expression of putative sucrose transporter Phvul.007G088200 is significantly reduced in leaves when exposed to elevated temperature. This gene is homologous to *AtSUC2* and was named PvSUT2 (Soltani et al., [2019](#pld3260-bib-0057){ref-type="ref"}). In a more recent phylogenetic analysis of legume sucrose transporters, however, this gene was named *PvSUT1.1*, as a member of the Type I clade (Doidy et al., [2019](#pld3260-bib-0014){ref-type="ref"}). Common bean, like other plants, encodes a Type II sucrose transporter and thus to avoid confusion Phvul.007G088200 will be referred to as PvSUT1.1 in this study. PvSUT1.1 is grouped within the SUT1.1 subclade of the legume Type I sucrose transporter while PvSUF1 and PvSUT1 analyzed by Zhou et al. ([2007](#pld3260-bib-0070){ref-type="ref"}) are from the SUT1.4 and SUT1.5 subclades and thus renamed PvSUT1.4 and PvSUT1.5 respectively (Doidy et al., [2019](#pld3260-bib-0014){ref-type="ref"}). At present, the function of PvSUT1.1 in sucrose uptake has not been demonstrated.

In this study we functionally characterized a sucrose transporter, PvSUT1.1, recently identified in common bean and implicated in high temperature resilience during common bean reproduction (Soltani et al., [2019](#pld3260-bib-0057){ref-type="ref"}). Because no functional study has reported that PvSUT1.1 is a sucrose transporter, we hypothesized that PvSUT1.1 is functioning in sucrose import into the cells. Predictive, biochemical, and molecular evidence reveal that PvSUT1.1 is a high affinity sucrose‐proton co‐transporter expressed in multiple tissues and is possibly involved in phloem loading of sucrose. Furthermore, the effect of elevated temperature on expression of *PvSUT1.1* and the role of sucrose phloem loading in heat tolerance is discussed.

2. MATERIALS AND METHODS {#pld3260-sec-0002}
========================

2.1. In silico analysis {#pld3260-sec-0003}
-----------------------

Protein sequences were obtained from TAIR ([www.arabidopsis.org](http://www.arabidopsis.org); AtSUC2), Phytozome ([www.phytozome.jgi.die.gov](http://www.phytozome.jgi.die.gov); GmSUT1; PvSUT1/PvSUT1.5, PvSUT1.1\[Phvul.007G088200\]), and Cool Season Food Legume Crop Database Resources ([www.coolseasonfoodlegume.org](http://www.coolseasonfoodlegume.org)) and aligned using Clustal Omega (Sievers et al., [2011](#pld3260-bib-0051){ref-type="ref"}) prior to generation of the phylogenetic tree. The phylogenetic tree was made using MEGA‐X software (Kumar, Stecher, Li, Knyaz, & Tamura, [2018](#pld3260-bib-0029){ref-type="ref"}) using the JTT Maximum Likelihood method with bootstrapping with 1,000 replications (Jones, Taylor, & Thornton, [1992](#pld3260-bib-0023){ref-type="ref"}). Clustal Omega (Sievers et al., [2011](#pld3260-bib-0051){ref-type="ref"}) was used to generate the protein identity matrix. Prediction of the number of transmembrane domains was carried out using the PvSUT1.1 peptide sequence and TMHMM Server v. 2.0 (<http://www.cbs.dtu.dk/services/TMHMM/>). Three‐dimensional structure of PvSUT1.1 was predicted using PHYRE2 (Kelley, Mezulis, Yates, Wass, & Sternberg, [2015](#pld3260-bib-0026){ref-type="ref"}).

2.2. Cloning, and esculin and sucrose uptake {#pld3260-sec-0004}
--------------------------------------------

The coding sequence of *PvSUT1.1* was obtained from Phytozome and was synthesized (Bio Basic Inc., Ontario, Canada) with PstI restriction sites on each end and cloned into yeast expression vector pDR196 (Rentsch et al., [1995](#pld3260-bib-0040){ref-type="ref"}; Gora et al., [2012](#pld3260-bib-0019){ref-type="ref"}). Yeast strain SEY6210 \[MATα leu2‐3, 112 ura3‐52 his3‐Δ200 trp1‐Δ901 lys2‐Δ801 suc2‐Δ9\] (Robinson, Klionsky, Banta, & Emr, [1988](#pld3260-bib-0044){ref-type="ref"}) was transformed with this construct and cells were grown on *SD*/‐URA plates (Takara Bio USA, Inc.) for 2 days at 28°C. Six independent transformants were then spread on fresh *SD*/‐URA plates and grown overnight (approximately 16 hr) at 28°C to test for esculin (a glycoside of coumarin that is diagnostic for Type I sucrose transporters) uptake, which was performed according to Gora et al. ([2012](#pld3260-bib-0019){ref-type="ref"}) with modifications. Briefly, patched out yeast cells were scraped from the *SD*/‐URA plates and then resuspended in 2 ml of *SD*/‐URA in glass test tubes and grown overnight at 28°C with shaking. The following day, 1 ml of yeast culture was transferred into 1.5 ml tubes and centrifuged for five minutes at 1500 g and the supernatant was aspirated. The pellet was resuspended in 1 mM esculin prepared in 25 mM phosphate (Na~2~HPO~4~) buffer at pH 4.0 (or varying pH levels in Figure [4](#pld3260-fig-0004){ref-type="fig"}), then vortexed for 20 s and then incubated at 28°C for 1 hr with agitation. After incubation, the cells were pelleted at 1500 g for five min and the supernatant was aspirated. The cells were washed by resuspending the cells in 800 µl of 25 mM phosphate buffer with the same pH as the esculin solution. Yeast cells were then pelleted by centrifugation at 1500 g for five min. Finally, the cells were resuspended in 200 µl 25 mM phosphate buffer by gentle pipetting and then transferred to a black microtiter plate. Fluorescence was read using a Filter Max F5 Multi Mode Microplate Reader (Molecular Devices) at 360 nm (with bandwidth of 35 nm) excitation and 465 nm (with bandwidth of 35 nm) emission. A 50 µl cell suspension from the fluorescence reading was transferred and mixed with 150 µl of water in a clear microtiter plate and OD~600~ was measured. Relative fluorescence was determined by calculating the fluorescence per unit OD~600~. Yeast cells transformed with either potato (*pDR196::StSUT1*) or rice (*pDR196::OsSUT1*) sucrose transporters were used as positive and negative controls respectively (Gora et al., [2012](#pld3260-bib-0019){ref-type="ref"}).

For sucrose transport kinetics analysis, the procedure described above was followed with slight modification. The yeast cells were incubated with 150 µL of sucrose (unlabeled sucrose + \[^14^C\]‐sucrose) instead of esculin, and then incubated for 1 hr. After incubation, the cells were pelleted and the supernatant was aspirated. The cells were then washed twice with cold 25 mM phosphate buffer, pH 4.0. After pelleting of the cells, 1 ml of distilled water was added to the tube and the cells were resuspended followed by measurements of OD~600~. Radioactivity was measured by liquid scintillation counting. Data for kinetic analysis were analyzed by using OroginPro 2018b (OriginLab Corp.) where nonlinear curve fitting was performed using the Michaelis‐Menten equation.

2.3. Subcellular localization {#pld3260-sec-0005}
-----------------------------

The *PvSUT1.1* coding sequence without the stop codon was synthesized as described above but instead of restriction sites, the Gateway attL1 and attL2 sites were added on the N and C‐termini respectively. The coding sequence was ultimately cloned into pUC52 plasmid. An LR Gateway recombination reaction was then done between *pUC57::PvSUT1.1* and the empty expression vector *pEarleyGate100* (Earley et al., [2006](#pld3260-bib-0015){ref-type="ref"}), which contains an mGFP coding sequence downstream of the reaction site. After the LR reaction, the resulting vector constituted a C‐terminal fusion of *PvSUT1.1* with mGFP (*PvSUT1.1::mGFP*) under the control of *CaMV 35S* promoter. The destination vector containing *PvSUT1.1::mGFP* was then transformed into *Agrobacterium tumefaciens* GV3101 strain. Young *Nicotiana benthamiana* leaves were then infiltrated with *Agrobacterium* harboring the destination vector. A confocal microscope (Olympus FluoView^TM^ FV1000) was used to take images of leaf epidermal cells two days after infiltration. As plasma membrane control, Arabidopsis PIP2A (At3g53420; Yoo et al., [2016](#pld3260-bib-0068){ref-type="ref"}) fused to mCherry (Shaner et al., [2004](#pld3260-bib-0049){ref-type="ref"}) was used.

2.4. Plant material, RNA extraction, and RT‐PCR {#pld3260-sec-0006}
-----------------------------------------------

Common bean (*P. vulgaris* L. cv Sacramento) was grown in a greenhouse with a day/night temperature of 27°C/20°C with 16‐hr photoperiod and 400--500 µmol/m^2^ s^‐1^ light. The plants were fertilized weekly with half‐strength Hoagland\'s solution. For heat treatment, half of the plants from the control greenhouse were transferred to an adjacent greenhouse with 32°C/27°C upon the appearance of the first flower bud around 25 days after sowing. After 7 days of heat treatment, source leaves were collected from control and heat‐treated plants and immediately frozen in liquid nitrogen. The leaves from control and heat‐treated plants were then ground into a fine powder for total RNA extraction. Total RNA was extracted from plant tissues using TRIzol reagent (Invitrogen^TM^, Waltham, MA; Chomczynski, [1993](#pld3260-bib-0013){ref-type="ref"}) and reverse transcription polymerase chain reaction (RT‐PCR) was performed. cDNA was synthesized using oligo(dT) primers and Moloney murine leukemia virus reverse transcriptase (Invitrogen^TM^; Santiago & Tegeder, [2016](#pld3260-bib-0045){ref-type="ref"}). A subsequent polymerase chain reaction (PCR) was performed with 24 cycles using *PvSUT1.1*‐specific primers and common bean *Actin (PvACTIN)* gene primer pair was used to control for equal amounts of RNA. The primer sequence used to amplify *PvSUT1.1* are Fwd: 5′‐ATGGAACCTCTCTCTGCCA‐3′, Rev: 5′‐CAGGAGCTGGACGTAGG‐3′ and for *PvACTIN*, Fwd: 5′‐TGCATACGTTGGTGATGAGG‐3′ and Rev: 5′‐AGCCTTGGGGTTAAGAGGAG‐3′.

2.5. Statistical analysis {#pld3260-sec-0007}
-------------------------

Data are presented as mean ± standard error of at least four biological replications. Each experiment was carried out at least twice to test for reproducibility of data. For data with more than two groups, one‐way ANOVA and Tukey mean separation test was performed. Student\'s *t*‐test was used to determine significant differences between just two groups of data. Statistical analysis was done using OroginPro 2018b (OriginLab Corp.).

2.6. Accession numbers {#pld3260-sec-0008}
----------------------

Sequence data of PvSUT1.1 (Phvul.007G088200) CDS can be found in the EMBL/GenBank under the following accession number: XM_007143572.1.

3. RESULTS {#pld3260-sec-0009}
==========

3.1. *Phaseolus vulgaris* SUT1.1 has high sequence similarity to Arabidopsis and legume sucrose transporters (SUT) {#pld3260-sec-0010}
------------------------------------------------------------------------------------------------------------------

An RNA‐Seq experiment using common bean leaves previously showed that the gene Phvul.007G088200 is homologous to Arabidopsis SUC2 and is downregulated under heat stress conditions (Soltani et al., [2019](#pld3260-bib-0057){ref-type="ref"}). Upon comparison with other legume sucrose transporters, analysis of the amino acid sequence alignment showed that this putative sucrose transporter protein is 94% identical with the soybean (*Glycine max*) sucrose transporter GmSUT1 (Figure [1](#pld3260-fig-0001){ref-type="fig"}; Aldape, Elmer, Chao, & Grimes, [2003](#pld3260-bib-0001){ref-type="ref"}), 86% identical with *Vicia faba* SUT1 (Weber, Borisjuk, Sauer, & Wobus, [1997](#pld3260-bib-0064){ref-type="ref"}) and with pea (*Pisum sativum*) PsSUT1 (Tegeder, Wang, Frommer, Offler, & Patrick, [1999](#pld3260-bib-0061){ref-type="ref"}). Further sequence comparison with another common bean sucrose transporter, PvSUT1 (Zhou et al., [2007](#pld3260-bib-0070){ref-type="ref"}), revealed that Phvul.007G088200 is about 68% identical with this transporter protein. Finally, between the common bean transporter proteins, Phvul.007G088200 showed higher amino acid sequence similarity with Arabidopsis SUC2 (69%; Figure [1](#pld3260-fig-0001){ref-type="fig"}). In a recent phylogenetic study, Phvul.007G088200 was named PvSUT1.1 (Doidy et al., [2019](#pld3260-bib-0014){ref-type="ref"}) and from here will be referred to as such. Analysis of the *P. vulgaris* and Arabidopsis peptide sequences further revealed many conserved regions shared within bean and between bean and Arabidopsis transporters (Figure [S1](#pld3260-sup-0001){ref-type="supplementary-material"}).

![Protein sequence analysis of PvSUT1.1. (A) Rooted phylogenetic analysis of sucrose transporter proteins from *Phaseolus vulgaris, Arabidopsis thaliana, Glycine max, Pisum sativum*, and *Vicia faba*. The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (1000 replicates) are shown next to the branches. The *Arabidopsis thaliana* auxin transporter AUX1 was used as the root. (B) Protein sequence similarity (in percentage) between sucrose transporters](PLD3-4-e00260-g001){#pld3260-fig-0001}

In silico prediction of the 3D structure of PvSUT1.1 revealed that it has 12 hydrophobic transmembrane domains (Figure [2a](#pld3260-fig-0002){ref-type="fig"}). These transmembrane regions form a basket‐like structure similar to the Arabidopsis SUC2 (Figure [2b](#pld3260-fig-0002){ref-type="fig"}). Rotation of the molecule to show the top and bottom views revealed an opening where sucrose molecules can potentially enter and be moved through the protein. Taken together, these in silico analysis results show close similarity of PvSUT1.1 to other legume and Arabidopsis sucrose transporter proteins. Furthermore, these data suggest that the putative transporter PvSUT1.1 functions as a sucrose transporter.

![*In silico* prediction analysis of PvSUT1.1. (A) Transmembrane domain prediction of PvSUT1.1 showing twelve hydrophobic regions. (B) Predicted structure of putative common bean sucrose transporter (PvSUT1.1; top panel) in comparison with the phloem localized Arabidopsis sucrose transporter (AtSUC2; bottom panel). The front, top, and bottom views of the predicted protein structure is shown in each panel](PLD3-4-e00260-g002){#pld3260-fig-0002}

3.2. PvSUT1.1 is a pH‐dependent Type I sucrose transporter {#pld3260-sec-0011}
----------------------------------------------------------

To test whether PvSUT1.1 functions similarly to other Type I sucrose transporters, an esculin uptake assay was performed using yeast cells. Yeast mutant SEY6210 that is lacking an endogenous invertase gene was transformed with PvSUT1.1 and then incubated with esculin. Yeast cells transformed with potato StSUT1 (Type I) and rice OsSUT1 (Type II) were used as positive and negative controls respectively. Type II SUTs are more selective for sucrose and do not transport esculin (Reinders et al., [2012](#pld3260-bib-0042){ref-type="ref"}; Sivitz et al., [2007](#pld3260-bib-0052){ref-type="ref"}). Results show that the PvSUT1.1‐transformed cells had increased relative fluorescence compared to the empty vector control. The positive control StSUT1‐transformed cells showed the highest fluorescence while no change in fluorescence was measured in the OsSUT1‐expressing yeast cells (Figure [3](#pld3260-fig-0003){ref-type="fig"}). These results indicate that PvSUT1.1 is functional in yeast cells and is able to transport esculin consistent with its identification as a Type I sucrose transporter. Transport of sucrose into cells by sucrose transporters is driven by 1:1 co‐transport with a proton (Bush, [1990](#pld3260-bib-0009){ref-type="ref"}; Carpaneto et al., [2005](#pld3260-bib-0010){ref-type="ref"}; Giaquinta, [1977](#pld3260-bib-0018){ref-type="ref"}; Komor, Rotter, & Tanner, [1977](#pld3260-bib-0027){ref-type="ref"}). When yeast cells expressing either empty vector or PvSUT1.1 were fed with esculin solutions of varying pH levels from 4.0 to 6.0, cells with PvSUT1.1 had increased fluorescence compared to the empty vector control, but only in pH 4.0 to 5.0. No change in fluorescence was detected in cells incubated in solutions with pH 5.5 or 6.0 (Figure [4a](#pld3260-fig-0004){ref-type="fig"}). The dependence of PvSUT1.1 on the proton gradient was further tested by adding a protonophore with the uptake solution (Figure [4b](#pld3260-fig-0004){ref-type="fig"}). The results show that yeast cells expressing PvSUT1.1 fed with 1mM esculin alone had increased relative fluorescence versus the empty vector control. In contrast, when cells were fed with the uptake solution (pH 4.0) plus the protonophore carbonyl cyanide *m*‐chlorophenyl hydrazone (CCCP), a significant reduction of relative fluorescence was observed showing that the import function of PvSUT1.1 was abolished by CCCP. This provides a conclusive evidence that solute transport with PvSUT1.1 is proton coupled.

![Esculin uptake assay using yeast SEY6210 cells. Potato (StSUT1; type I), rice (OsSUT1; type II), and common bean (PvSUT1.1) sucrose transporters were cloned into yeast expression vector pDR196 and then transformed into yeast cells. In addition to empty vector control, potato and rice transporters were used as positive and negative controls, respectively. Box plots represent relative fluorescence values normalized for cell density (n = 5‐6). Solid black squares represent the mean while the horizontal line inside the box represent the median. Numbers above the boxes indicate percent increase compared to the empty vector control. Asterisk represent significant difference at α = 0.05 level](PLD3-4-e00260-g003){#pld3260-fig-0003}

![pH dependent Esculin uptake in yeast SEY6210 cells. The cells were transformed with either empty *pDR196* (Empty) or with *pDR196::PvSUT1.1* (Bean) and incubated in 1 mM esculin solution with either (A) varying pH levels or (B) with the protonophore CCCP (100M) for one hour at 28°C. Box plots represent relative fluorescence values normalized for cell density (n = 3‐4). Solid black squares represent the mean while the horizontal line inside the box represent the median. Numbers above the boxes indicate percent increase compared to the empty vector control. Asterisk represent significant difference at α = 0.05 level while plus symbol (+) represent difference at α=0.10 level. NS = no significant difference versus empty vector control](PLD3-4-e00260-g004){#pld3260-fig-0004}

The ability of yeast cells expressing PvSUT1.1 to transport sucrose was next tested using \[^14^C\]‐sucrose (Figure [5](#pld3260-fig-0005){ref-type="fig"}). When incubated with increasing concentrations of sucrose, the uptake rate for PvSUT1.1‐expressing cells was higher than the empty vector control showing that PvSUT1.1 is able to import sucrose into yeast cells (Figure [5a](#pld3260-fig-0005){ref-type="fig"}). Since the empty vector shows a linear uptake, these values were subtracted from those of the PvSUT1.1‐expressing yeast cells and the final uptake kinetics of the transporter is shown in Figure [5b](#pld3260-fig-0005){ref-type="fig"}. The kinetic analysis of \[^14^C\]‐sucrose uptake by SEY6210 cells expressing *PvSUT1.1* revealed a *K~m~* for sucrose of 0.720 mM (Figure [5b](#pld3260-fig-0005){ref-type="fig"}). All together, these uptake experiment results show that PvSUT1.1 functions as a high affinity proton coupled transporter with an optimal uptake at pH 4.0 in a yeast system.

![Analysis of sucrose uptake in yeast cells fed with varying total sucrose concentrations. (A) \[^14^C\]‐sucrose uptake by yeast strain SEY6210 expressing either empty *pDR196 or pDR196+PvSUT1.1* (n = 4). (B) Sucrose uptake kinetics of *PvSUT1.1* where a nonlinear regression fit using the Michaelis‐Menten equation is shown. Uptake duration was one hour at 28°C with n = 4 per sucrose concentration. The *K~m~* shown here represents the average *K~m~* of three independent experiments using independent transformants](PLD3-4-e00260-g005){#pld3260-fig-0005}

3.3. *PvSUT1.1 is* expressed in multiple tissues and its expression is regulated by temperature {#pld3260-sec-0012}
-----------------------------------------------------------------------------------------------

The gene structure of *PvSUT1.1* was predicted to have four exons with a transcript that is 2039 bp long with 1566 bp coding sequence (Figure [6a](#pld3260-fig-0006){ref-type="fig"}). Using *PvSUT1.1*‐specific primers, organ‐specific expression of *PvSUT1.1* was determined using RT‐PCR. Results show that *PvSUT1.1* is expressed in all aerial organs tested but shows stronger expression in stem, flowers, and pods (Figure [6b](#pld3260-fig-0006){ref-type="fig"}). Further analysis of PvSUT1.1 expression revealed that its expression decreased by up to 50% due to elevated temperature (Figure [6c](#pld3260-fig-0006){ref-type="fig"}).

![Analysis of *PvSUT1.1* expression in common bean. (A) Gene model of *PvSUT1.1* showing the primers used for RT‐PCR and qRT‐PCR. (B) Tissue expression analysis of PvSUT1.1 using RT‐PCR. *PvACTIN* was used as internal control for equal amounts of RNA. (C) Expression of *PvSUT1.1* in source leaves exposed to ambient or elevated temperature (32°C) using qRT‐PCR (n=9)](PLD3-4-e00260-g006){#pld3260-fig-0006}

3.4. PvSUT1.1 is targeted to the plasma membrane {#pld3260-sec-0013}
------------------------------------------------

To determine the subcellular localization of PvSUT1.1, the transporter fused with a Green Fluorescent Protein (GFP) was transiently expressed in *Nicotiana benthamiana* leaf epidermal cells (Figure [7](#pld3260-fig-0007){ref-type="fig"}). Visualization using a confocal microscope revealed a strong expression of the fluorescent fusion protein in the periphery of the cells. By using a protein known to be targeted to the plasma membrane (AtPIP2A; Yoo et al., [2016](#pld3260-bib-0068){ref-type="ref"}), it was resolved that PvSUT1.1 co‐localizes with the AtPIP2A control, thus confirming that PvSUT1.1 is targeted to the plasma membrane. It is also apparent that GFP seems to also be present in the nuclei and the cytosol, which is where free GFP is usually found (Brandizzi et al., [2003](#pld3260-bib-0008){ref-type="ref"}). However, the plasma membrane control mCherry is also present in these subcellular compartments indicating an error or defect in the secretory pathway and not on the actual localization of PvSUT1.1. All together, these results suggest that like AtSUC2, PvSUT1.1 might be involved in sucrose import in source and sink cells.

![Subcellular localization of PvSUT1.1 in *Nicotiana benthamiana* leaves. *PvSUT1.1::mGFP* and *AtPIP2A::mCherry* (plasma membrane control) were co‐infiltrated and transiently expressed using the *Agrobacterium* infiltration method. The left and middle images show localization of PvSUT1.1 and AtPIP2A, respectively. The image on the right shows co‐localization of PvSUT1.1 and AtPIP2A to the plasma membrane. Bar = 10 µm](PLD3-4-e00260-g007){#pld3260-fig-0007}

4. DISCUSSION {#pld3260-sec-0014}
=============

4.1. PvSUT1.1 shares common features with known sucrose transporters {#pld3260-sec-0015}
--------------------------------------------------------------------

In a recent study, the Fabaceae family is divided into three clades (SUT1, SUT2, and SUT4 clades; Doidy et al., [2019](#pld3260-bib-0014){ref-type="ref"}). Common bean has eight SUT members that were scattered in these three groups. Within the SUT1 clade, there are six subclades (SUT1.1 to SUT1.6) in which *P. vulgaris* has five paralogous *SUT1* genes assigned to three of these six subclades (Doidy et al., [2019](#pld3260-bib-0014){ref-type="ref"}). Furthermore, some of these genes were previously indicated to be sucrose facilitators (SUF), for example, PvSUF1, which under the new nomenclature is renamed PvSUT1.4 (Doidy et al., [2019](#pld3260-bib-0014){ref-type="ref"}; Zhou et al., [2007](#pld3260-bib-0070){ref-type="ref"}). Among these *P. vulgaris* SUT1 paralogs, two sucrose transport proteins, PvSUT1.4 (PvSUF1) and PvSUT1.5 (PvSUT1), have been functionally characterized in yeast (Zhou et al., [2007](#pld3260-bib-0070){ref-type="ref"}). To date, no other member of the *Phaseolus* PvSUT1 clade has been functionally characterized. In this study, we functionally analyzed a putative sucrose transporter PvSUT1.1 through uptake experiments using ^14^C‐labeled sucrose fed to yeast cells; we determined that PvSUT1.1 is a sucrose transporter based on several lines of evidence.

Three key findings made during the present study provide evidence to support that PvSUT1.1 is a sucrose transporter. First, was the revelation of high protein sequence similarity between PvSUT1.1 and other legume and Arabidopsis Type I sucrose transporters. In this study PvSUT1.1, shared about 60 to 90% protein similarity with known sucrose transporters in legume and Arabidopsis. This is in agreement with previous studies where homologous sucrose transporters were shown to be 50 to 80% identical with each other (Aoki, Hirose, Scofield, Whitfield, & Furbank, [2003](#pld3260-bib-0002){ref-type="ref"}; Payyavula, Tay, Tsai, & Harding, [2011](#pld3260-bib-0038){ref-type="ref"}). Sucrose transporters are grouped into three types: Type I, Type II, and Type III (Reinders et al., [2012](#pld3260-bib-0042){ref-type="ref"}). Type I SUTs are lacking in nonvascular land plants and monocots and only dicots have this type (Lalonde & Frommer, [2012](#pld3260-bib-0030){ref-type="ref"}; Reinders et al., [2012](#pld3260-bib-0042){ref-type="ref"}). Recently, common bean was shown to have five Type I SUT genes, presumably each having nonredundant function in plants (Doidy et al., [2019](#pld3260-bib-0014){ref-type="ref"}). The specialization within Type I sucrose transporters is best seen in Arabidopsis where there are several Type I sucrose transporters with varying specialized functions (Reinders et al., [2012](#pld3260-bib-0042){ref-type="ref"}). For example, AtSUC1 functions in sucrose signaling in vegetative tissues as well as for normal gametophyte function (Sivitz et al., [2008](#pld3260-bib-0054){ref-type="ref"}), AtSUC2 in phloem loading (Srivastava et al., [2008](#pld3260-bib-0058){ref-type="ref"}), and AtSUC5 in sucrose nutrition of filial tissues during the early stage of embryo development (Baud et al., [2005](#pld3260-bib-0006){ref-type="ref"}). While much of the work on sucrose transporters was done with Arabidopsis, studies of legume Type I sucrose transporters exist. Some examples of these include *Pisum sativum SUT1* expressed in seed coat and cotyledon epidermal transfer cells of garden pea (Tegeder et al., [1999](#pld3260-bib-0061){ref-type="ref"}), *Vicia faba SUT1* in seed embryo epidermal cells (Weber et al., [1997](#pld3260-bib-0064){ref-type="ref"}), *Glycine max GmSUT1* expressed in developing cotyledons (Aldape et al., [2003](#pld3260-bib-0001){ref-type="ref"}), and *P. vulgaris PvSUT1.5* in vascular and parenchyma cells of the seed coat (Zhou et al., [2007](#pld3260-bib-0070){ref-type="ref"}). For common bean, there has been only one study of sucrose transporter function (Zhou et al., [2007](#pld3260-bib-0070){ref-type="ref"}). It is reasonable to assume that each of the common bean Type I sucrose transporters has specific functions based on the specificity of Arabidopsis homologous sucrose transporters and that PvSUT1.1 presumably functions in leaf phloem loading due to its high similarity with AtSUC2 at the protein level.

The second observation supporting the idea that PvSUT1.1 is a sucrose transporter is its ability to form a basket‐shaped structure and 12 transmembrane domains. One of the unifying characteristics of sucrose transporters is the presence of twelve α‐helix transmembrane segments and these structures form a basket‐shaped protein and operate by a "rocker‐switch" mechanism (Hirose, Imaizumi, Scofield, Furbank, & Ohsugi, [1997](#pld3260-bib-0022){ref-type="ref"}; Karpowich & Wang, [2008](#pld3260-bib-0025){ref-type="ref"}; Locher, Bass, & Rees, [2003](#pld3260-bib-0034){ref-type="ref"}; Shiratake, [2007](#pld3260-bib-0050){ref-type="ref"}; Williams, Lemoine, & Sauer, [2000](#pld3260-bib-0065){ref-type="ref"}). The commonality of these 12 transmembrane helices among sucrose transporters in plants was hypothesized to arise from duplication and fusion of a gene that coded for a six‐α‐helix transmembrane protein (Lemoine, [2000](#pld3260-bib-0032){ref-type="ref"}). In fact, this is suggested by the large cytoplasmic loop in between transmembrane domain number six and seven (Gottwald et al., [2000](#pld3260-bib-0021){ref-type="ref"}; Figure [S2](#pld3260-sup-0001){ref-type="supplementary-material"}a). Within this basket‐like structure is a sucrose binding site but information about this site was lacking. However, it was recently found that when the Arg^188^ residue in Arabidopsis (AtSUC1, Type I), rice (OsSUT1, Type II), and lotus (LjSUT4, Type III) sucrose transporters were replaced with lysine, the substitution resulted in loss of transport activity showing that the arginine residue is essential for the transporter function (Sun & Ward, [2012](#pld3260-bib-0060){ref-type="ref"}). In Arabidopsis SUC2 and common bean SUT1.5 and SUT1.1, this arginine residue is conserved and highlights its important role in transport of sucrose (Figure [S2](#pld3260-sup-0001){ref-type="supplementary-material"}b). The presence of this arginine residue in PvSUT1.1 (Arg^164^) further supports the idea that PvSUT1.1 is a sucrose transporter protein.

A third key finding is that yeast cells expressing PvSUT1.1 were able to import sucrose. Early characterization of sucrose transporters was done using yeast or Xenopus oocytes (Chandran, Reinders, & Ward, [2003](#pld3260-bib-0011){ref-type="ref"}; Meyer et al., [2000](#pld3260-bib-0036){ref-type="ref"}; Reinders et al., [2008](#pld3260-bib-0041){ref-type="ref"}; Sauer et al., [2004](#pld3260-bib-0046){ref-type="ref"}; Sauer & Stolz, [1994](#pld3260-bib-0047){ref-type="ref"}). In our study, analysis of PvSUT1.1 in yeast showed transport kinetics similar to the Arabidopsis sucrose phloem loader AtSUC2 having a *K~m~* of 0.7 mM (Sauer & Stolz, [1994](#pld3260-bib-0047){ref-type="ref"}). It is interesting to note that when expressed in Xenopus oocytes, the AtSUC2 *K~m~* is 1.4 mM (Chandran et al., [2003](#pld3260-bib-0011){ref-type="ref"}). The same can be said with known sucrose transporters in other plants such as carrot (0.5 mM), tomato (1 mM), and potato (1 mM) (cf. Kühn, [2003](#pld3260-bib-0028){ref-type="ref"}). In fact, members of the SUT1 clade show high affinity for sucrose and have a *K~m~* between 0.5 and 2 mM (cf. Lalonde, Wipf, & Frommer, [2004](#pld3260-bib-0031){ref-type="ref"}). One other characteristic of most plant sucrose transporters is their requirement for low pH to function where one sucrose molecule is moved across the membrane along with one proton (Boorer, Loo, Frommer, & Wright, [1996](#pld3260-bib-0007){ref-type="ref"}; Giaquinta, [1977](#pld3260-bib-0018){ref-type="ref"}; Sivitz, Reinders, & Ward, [2005](#pld3260-bib-0053){ref-type="ref"}; Slone & Buckhout, [1991](#pld3260-bib-0056){ref-type="ref"}; Zhou, Theodoulou, Sauer, Sanders, & Miller, [1997](#pld3260-bib-0069){ref-type="ref"}). For PvSUT1.1, this held true where the function of the transporter is negatively affected when either the solution pH was increased or when a proton uncoupler (CCCP) was introduced in the uptake solution. While most plant sucrose transporters have an acidic pH optimum, an exception was previously reported where Arabidopsis SUC9 function was shown to be pH independent (Sivitz et al., [2007](#pld3260-bib-0052){ref-type="ref"}). An active transport mechanism is needed to import sucrose into the phloem cells since sucrose concentration in the phloem is greater than in the apoplast and can exceed 1 osmolal (Ayre & Turgeon, [2018](#pld3260-bib-0003){ref-type="ref"}). Furthermore, previous measurements of sucrose concentration in the phloem sieve tube of *Ricinus communis* hypocotyls was determined to range between 150 and 300 mM (Kallarackal, Orlich, Schobert, & Komor, [1989](#pld3260-bib-0024){ref-type="ref"}; Verscht et al., [1998](#pld3260-bib-0063){ref-type="ref"}). In sugar beet source leaves, however, the concentration is in the micromolar range and the apoplastic sucrose concentration (70 µM) was about half of what was measured inside the cells suggesting that sucrose import across the membrane is against a concentration gradient and requires an active import mechanism such as co‐transport with a proton (Bush, [1990](#pld3260-bib-0009){ref-type="ref"}; Carpaneto et al., [2005](#pld3260-bib-0010){ref-type="ref"}; Fondy & Geiger, [1977](#pld3260-bib-0017){ref-type="ref"}; Giaquinta, [1977](#pld3260-bib-0018){ref-type="ref"}; Komor et al., [1977](#pld3260-bib-0027){ref-type="ref"}). Another requirement for phloem loading of sucrose is that the active transporter must be localized to the plasma membrane where it can transport sucrose across the lipid bilayer. The present study revealed that PvSUT1.1 is localized in the plasma membrane, which supports the idea that it functions in retrieval of sucrose from the apoplast space. Taken together, our results demonstrate that PvSUT1.1 is a Type I sucrose transporter located in the plasma membrane and expressed in multiple plant tissues, and that its function is pH dependent and is involved in import of sucrose into the cell.

4.2. PvSUT1.1 is regulated by temperature and could be involved in leaf sucrose phloem loading {#pld3260-sec-0016}
----------------------------------------------------------------------------------------------

In a recent bean leaf transcriptome study by Soltani et al. ([2019](#pld3260-bib-0057){ref-type="ref"}), *PvSUT1.1* mRNA was found to be reduced at high temperature, consistent with our observation. In a previous study, expression of sucrose transporters from several plant species were shown to respond to environmental cues including temperature, CO~2~, light, water limitation. In Arabidopsis and maize, expression of the phloem loaders *SUC2* and *SUT1*, respectively, were shown to be downregulated by heat stress (Liesche et al., [2011](#pld3260-bib-0033){ref-type="ref"}; Xu, Chen, Yunjuan, Chen, & Liesche, [2018](#pld3260-bib-0066){ref-type="ref"}). At the protein level, sucrose transporters were also recently reported to be regulated by phosphorylation and ubiquitination (Xu et al., [2020](#pld3260-bib-0067){ref-type="ref"}). Coupled with the reduction of Arabidopsis sucrose transporter expression functioning in leaf phloem loading at elevated temperature, our results support the hypothesis of Soltani et al. ([2019](#pld3260-bib-0057){ref-type="ref"}) that reduced expression of PvSUT1.1 could result in reduced leaf export of sucrose in common beans. The ability of the plant to export sucrose from leaves is important for thermotolerance (Basu and Minhas, [1991](#pld3260-bib-0005){ref-type="ref"}) and based on our expression analysis, this could explain why common beans are generally susceptible to elevated temperature. At present no sucrose transporter functioning in source leaf sucrose phloem loading in *P. vulgaris* had been identified and demonstrated in vivo. While functional analysis and specific cell and tissue localization in plants are still needed, based on data presented above and since members of the Fabaceae SUT1.1 subclade are presumably involved in sucrose import into the phloem, our results support the hypothesis that PvSUT1.1 functions as a source leaf sucrose phloem loader (Doidy et al., [2019](#pld3260-bib-0014){ref-type="ref"}) and is involved in heat tolerance of reproductive tissues. Further physiological analysis is needed to test this hypothesis.
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